The electrocaloric effect (ECE) in (1 − x)BaZr 0.18 Ti 0.82 O 3 -(x)BaSn 0.11 Ti 0.89 O 3 (BZT18-BST11, 0.1 ≤ x ≤ 0.5) ceramics is investigated near room temperature using a calorimetry method. The ceramics exhibit relaxor-like ferroelectric characteristics and by merging phases, a large electrocaloric (EC) response is observed in the system. The largest entropy change is 4.8 Jkg −1 K −1 (along with a temperature change of 3.5 K), which is induced under an electric field of 10 MV m −1 for the 0.8 BaZr 0.18 Ti 0.82 O 3 -0.2 BaSn 0.11 Ti 0.89 O 3 ceramics. This result reveals that the coexistence of multiple phases improves the ECE of the ceramics, which provides an effective route to achieve a large EC response using a small electric field.
Introduction
The electrocaloric effect (ECE) refers to an induced temperature change and/or entropy change caused by introducing an electric field polarization change to a dielectric material. The giant ECE recently discovered in ceramic thin films and polymers has attracted a great deal of attention in EC solid-state cooling technologies, which are environmentally benign and have high potential to reach higher energy efficiency compared with that of traditional vapour compressionbased cooling technologies [1] [2] [3] [4] [5] . In developing EC materials with a giant ECE, most efforts in the past several years have been devoted to the EC materials that can generate a large adiabatic temperature change ( T) and isothermal entropy change ( S); however, these EC materials can require very high electric fields, which further limits practical applications [2, 6, 7] . Therefore, one important issue in this field is achieving a giant ECE by applying a relatively small electric field.
Earlier results showed that near an invariant critical point (ICP) at which multiple phases can coexist, there were an increased number of available polar states, which may lead to a significant increase in the entropy of the non-polar phase. In addition, near a critical point, the electric field for switching among different polar states becomes relatively small. Consequently, a large ECE can be induced under a low electric field [8] . By introducing element dopants such as Zr, Sn and/or Sr to modify BaTiO 3 ceramic systems, the four phases (paraelectric cubic, ferroelectric tetragonal, orthorhombic and rhombohedral) can be merged into a single phase transition (critical point), which has the potential for a high ECE induced by a small electric field. Indeed, a large ECE (large temperature drop) induced by an electric field was observed in BaZr x Ti 1−x O 3 ceramics at room temperature, which can be attributed to the coexistence of multiple phases near the ICP [9] . In addition, the ECE was investigated in Sn-doped BaTiO 3 ceramics using the indirect method, e.g. deducing the ECE from the pyroelectric coefficient using the Maxwell relation [6, [10] [11] [12] . A significantly higher ECE was observed in samples with compositions at the ICP [10] [11] [12] . As indicated by the results, lead-free, modified BaTiO 3 with an ICP near room temperature proves to be a promising candidate for achieving a large ECE induced by a small electric field.
This 
Experimental section
The (1 − x)BaZr 0.18 Ti 0.82 O 3 -(x)BaSn 0.11 Ti 0.89 O 3 ceramics were prepared by the solid-state reaction method using analytical reagent grade barium carbonate (BaCO 3 , 99.8%), zirconium dioxide (ZrO 2 , 99.5%), stannic dioxide (SnO 2 , 99.9%) and titanium dioxide (TiO 2 , 99.5%) as starting materials. The mixture of powders was milled by zirconia balls for 24 h to obtain a well-dispersed mixture. After calcination at 1100 • C for 2 h, sintering aids (PbO, B 2 O 3 ) and glass were added to reduce the sintering temperature and improve the breakdown strength. Then, the sintering of the pellets was performed at 1200 • C in air for 2 h with a heating rate of 2 • C min −1 . For electrical characterization, the final pellets were carefully polished to a thickness of 100 µm and Au electrodes were sputtered on the surfaces. The structural characteristics and degree of purity of all the samples were determined by X-ray diffraction (XRD) (Panalytical Xpert Pro MPD diffractometer).
The dielectric properties were characterized using a LCR meter (HP4284) equipped with a temperature chamber (Delta9023). The ferroelectric behaviour was measured using a SawyerTower circuit. Differential scanning calorimetry (TA Q100) was used to characterize the thermal properties of the thick films. The heat, Q, generated and absorbed as a result of the ECE was directly measured using a specially designed calorimeter with a heat flux sensor (RdF P/N 27134-3) [9] . Figure 1 presents XRD patterns of (1 − x)BZT18-(x)BST11 ceramics with different BST11 ratios measured at room temperature. These XRD patterns indicate the formation of a pure perovskite structure without secondary phases. With the increasing BZT18 ratio, the diffraction peaks shift slightly to a lower angle because of the larger Zr 4+ and Sn 4+ occupying Ti 4+ sites in the BaTiO 3 lattice. As presented in figure 2 , the dielectric property dependence due to temperature was measured at different frequencies for ( 
Results and discussion
The dielectric properties display a relaxor-like ferroelectric behaviour and only one peak is observed over a broad temperature range for each sample, which is due to the merging of all three transitions into one temperature, i.e. an ICP [11, 13] . The dielectric peaks shift to higher temperatures with an increasing BST11 ratio, because BST11 has a higher phase transition temperature (42 • C) than that of BZT18 (35 • C) [9, 13, 14] . For relaxor-ferroelectric behaviour, the dielectric permittivity dependence with temperature can be described as [12, 15] 
where ε m and T m represent the maximum dielectric constant and corresponding peak temperature (shown in figure 3a) , respectively, δ is related to the temperature extension of the phase transition and η is a parameter related to the behaviour of the phase transition. The normal ferroelectric behaviour given by the Curie-Weiss Law is at η = 1, while η = 2 represents the complete diffuse phase transition to a full relaxor. The η parameter calculated from the dielectric data using equation (3.1) is shown in figure 2f . The η lies in the ranges from 1.69 to 1.85 for different compositions, illustrating that all these samples have relaxor-ferroelectric characteristics. It seems that η is dependent on the compositions and shows a higher value as the BST11 ratio decreases. The η value reaches a maximum of 1.85 for the composition x = 0. effects arising from Zr and Sn doping. The increase of Zr and Sn concentrations both induce the crossover from ferroelectric to relaxor states in this system [12, 15, 16] . From the Landau-Devonshire thermodynamic theory of ferroelectrics [17] ,
and
where β is a thermodynamic coefficient, P is the polarization and c E is the specific heat capacity. Thus in order to design EC materials with a giant ECE, a large polarization is desired. Figure 4 presents the polarization-electric field loops (P-E loops) at room temperature for (1 − x)BZT18-(x)BST11 ceramics with different compositions. Slim P-E loops are observed for all the samples and the coercive field becomes smaller when x (the BST11 ratio) is increased. The roomtemperature polarization of 0.8BZT18-0.2BST11 reaches 0. The directly recorded ECE signal for the 0.5BZT18-0.5BST11 induced under 10 MV m −1 and measured at room temperature is presented in figure 5a . The area under exothermic and endothermic peaks is integrated and used to calculate the heat, Q, and further calculate S as well as T [18, 19] . The isothermal entropy change, S, is derived from Q = T S, while the adiabatic temperature change, T, is estimated from T = T S/c E , where c E is specific heat capacity. This assumes c E can be approximated as a constant within T and the applied field. As shown in figure 5 , the entropy change, S, and the temperature drop, T, increase linearly with the electric field for all these ceramics. The data reveal that under 10 MV m −1 , the (1 − x)BZT18-(x)BST11 ceramics can achieve a T = −3.5 K and S = 4.8 Jkg KmV −1 are obtained with the 0.8BZT18-0.2BST11 ceramic composition. Therefore, this Zr-and Sn-doped system with multiple phase coexistence at room temperature is shown to be a promising candidate for achieving a large EC response.
The dielectric, ferroelectric and EC behaviours as a function of composition are summarized in figure 3 . From the dielectric data obtained in figure 2 , the dielectric peak (T m ) shifts to higher temperatures with increasing x, and the maximum dielectric constants (ε m ) increases at first and then steadily reduces, i.e. ε m reaches a maximum of 9500 for 0.7BZT18-0.3BST11. As previously mentioned, doping Zr and Sn causes the system to crossover from a normal ferroelectric to a relaxor with a diffuse phase transition, which consequently lowers the transition temperature [20] .
The polarization dependence on composition under 10 MV m −1 is shown in figure 3b with the maximum at x = 0.2. The composition dependence of the ECE presented in figure 3c reveals the entropy change and temperature drop depend on composition and the highest ECE at room temperature exists at x = 0.2. Here, we also compare the β coefficient of equation (3.2) for these ceramic samples, which is presented in figure 3d . At 10 MV m −1 , the β coefficient of this system lies between 0.92 × 10 6 JmK −1 C −2 and 1.33 × 10 6 JmK −1 C −2 and exhibits a maximum of 1.33 × 10 6 JmK −1 C −2 at x = 0.3, i.e. 0.7BZT18-10.3BST11, which is different from the ECE maximum at x = 0.2. This indicates that the polarization also plays an important role in generating large ECE of this system. It is noted that improved EC coefficients have additional advantages in improving the EC cooling device efficiency [21] . For a cooling device, the coefficient of performance (COP) is defined as, COP = Q c /W, where Q c is the heat removed from the thermal load and W is the total external energy applied for generated cooling at each cycle. For an EC based cooling cycle, Q c is proportional to Q(= T S) and W = αU e + U m , where U e is the charging electric energy applied to the EC material (a capacitive material). Using energy recovery electronics [22] , a large portion of U e can be recovered; hence, α < 1. U m is all the other electric energy used to drive the EC cooling cycle. Hence, Q c /U e may be used to measure the efficiency of an EC material in EC cooling devices among other parameters. Based on the above formula, the efficiency of the (1 − x)BZT18-(x)BST11 system at 10 MV m −1 is displayed in figure 3d . The efficiency of these ceramics can reach 11.45, confirming that this system can not only induce large T/ E and S/ E, but that it also has high performance efficiency. 
Conclusion
In summary, this paper demonstrates a large ECE induced under low electric fields in a Zr-and Sn-modified BaTiO 3 ceramic system. Under 10 MV m −1 , a S = 4.8 Jkg −1 K −1 and T = 3.5 K were observed for 0.8BaZr 0.18 Ti 0.82 O 3 -0.2BaSn 0.11 Ti 0.89 O 3 , corresponding to the EC coefficients of S/ E = 0.48 × 10 −6 Jmkg −1 K −1 V −1 and T/ E = 0.35 × 10 −6 KmV −1 . For these modified BaTiO 3 ceramics, the EC material efficiency can reach 11.45 under a field of 10 MV m −1 . This high efficiency provides great potential for realizing highly efficient EC cooling devices.
